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Abstract: Knowledge about water flow paths is essential for understanding biogeochemical
fluxes in developed agricultural landscapes, i.e., the input of nutrients into surface waters, soil
erosion, or pesticide fate. Several methods are available to study rainfall-runoff processes and
flux partitioning: hydrometric based approaches, chemical tracers, modeling, and stable
isotope applications. In this study a multi-method approach was conducted to gain insights into
the hydrological fluxes and process understanding within the complex anthropogenic-influenced
catchment of the Vollnkirchener Bach, Germany. Our results indicate that the catchment
responds differently to precipitation input signals and dominant runoff-generation processes
change throughout the year. Rainfall-induced runoff events during dry periods are
characterized by a temporarily active combined sewer overflow. During stormflow, a large
contribution of fast event water is observed. At low flow conditions losing and gaining
conditions occur in parallel. However, when catchment’s moisture conditions are high, an
ephemeral source from clay shale-graywacke dominated forested sites becomes active. The
study reveals that the collection of detailed distributed hydrometric data combined with
isotopic tracers, provides fundamental information on the complex catchment behavior, which
can finally be utilized for conceptualizing water fluxes at a small catchment scale.
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1. Introduction

Understanding the movement of biochemicals, such as nitrogen compounds or pesticides, in
agricultural dominated catchments, knowledge about water pathways, and the interplay between surface
and groundwater sources is essential. Because nearly all European river systems were already
substantially modified by humans before river ecology research developed [1,2], the complex character
of developed agricultural dominated catchment is often disregarded and established research approaches
often failed to fully capture agro-ecosystem functioning at multiple scales. To account for catchment
heterogeneity a multi-method approach was conducted to study the behavior of water fluxes and the interplay
between groundwater and surface water in a small, agriculturally dominated catchment in mid Germany.

While multi-method approaches have historically been less common, they can overcome the large
uncertainties that are attributed to single method applications and provide additional and more robust
information for example in groundwater-surface water interactions [3—5] to obtain unequivocal
results [6]. Moreover, by combining methods in different compartments of the hydrological cycle or
different scales within the catchment (plot-, reach-scale) long time series are not necessarily needed to
understand catchment reaction or the contribution of runoff components during varying saturation
conditions (floods or low flow) in small and meso-scale catchments [7—10]. The range of available
techniques to study water fluxes, such as runoff generation processes or groundwater-surface water
interactions, are broad and include hydrometric based approaches, chemical tracers, modeling, and stable
isotope applications, amongst others. These spatiotemporal different methods are either applied within
the aquifer, in the surface water, or in the transition zone itself [11]. Hydrometric data such as rainfall,
discharge, and groundwater head level, are utilized to specify the timing of the hydrological response,
isotopic data can define the relative contributions of pre-event or event water to the overall catchment
response [6,12], and hydrochemicals help to elucidate water flow paths [13]. Each method has its own
strength and weaknesses e.g., regarding costs or the spatiotemporal scale at which it can be applied and
the information it yields [14]. Nevertheless, detailed distributed information is a key to meaningfully
characterize and conceptualize catchment internal processes [10] to furthermore improve agro-hydrological
model simulations, since simulations of catchment functioning are only approximations [15].

The objective of this study, therefore, is to identify major runoff components and to characterize the
interplay of groundwater-surface water sources on different spatiotemporal scales to conceptualize water
fluxes in a small catchment. The specific questions that will be addressed are as follows:

1. Does streamflow respond equally to rainfall input throughout the whole stream reach and which
runoff sources are contributing to stormflow?
Is the studied stream a gaining or losing system?

3. Do groundwater head levels and flow dynamics respond to variations in stream stage and is this
flow behavior changing throughout the year?
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2. Materials and Methods
2.1. Study Area

The research is carried out in the Vollnkirchener Bach catchment, which is part of the Schwingbach
main catchment. The Schwingbach and its tributary the Vollnkirchner Bach are low-mountainous creeks
located in Hiittenberg (50°30'0” N, 8°37'0" E, Hesse, Germany) (Figure 1A) in an anthropogenic-influenced
landscape (altered physical structure of stream system: channeled stream reaches, pipes, combined
sewer overflow, drainage systems, fishponds). Both creeks are part of the “Study landscape
Schwingbachtal” [16] of the Justus Liebig University Giessen.

The Vollnkirchener Bach is about 4.7 km in length and drains a 3.7 km? catchment (Figure 1). Land
use is dominated by forest sites (48%) in the eastern and southern regions and arable land (35%),
concentrated in the western region (Figure 1B). Grassland sites (9%) are mainly distributed along the
stream. Elevation ranges from 235 m a.s.l in the northern parts to 351 m a.s.l in the southern areas
(Figure 1B). Soils are forested Cambisols in the eastern and southwestern parts as well as agricultural
Stagnosols with thick loess layers (Stagnic Luvisols) in the western catchment areas. Gleysols can be
found predominantly under grassland sites along the creek (Figure 1C). The geology is comprised of
limestone, sandstone and quartzite in the headwater area—providing aquifers with large storage
capacities [17,18]—passing into graywacke zones with siliceous shales in the central and further into
clay shale in the north of the catchment, which can serve as aquicludes [18] (Figure 1D). At agricultural
sites in the northwest loess covers Paleozoic bedrocks. Streambeds consist of loamy deposits over sand
covered by some larger rock debris [19]. In the downstream section, the streambed and banks are partly
reinforced by armor stones.

The climate is classified as temperate with a mean annual temperature of 8.2 °C and an annual
precipitation sum of 633 mm (for the hydrological year 01.11.2012—-31.10.2013) measured at the climate
station at the catchment outlet. The year 2012-2013 was an average hydrological year. For comparison
the climate station Giessen/Wettenberg (25 km-N of the catchment) operated by the German
Meteorological Service [20] records a mean annual temperature of 9.6 °C and a mean annual
precipitation sum of 666 + 103 mm (1980-2010).

2.2. Monitoring Network

The instrumentation in the Schwingbach main catchment consists of two climate stations, four stream
gauges (V-weir, RBC-flumes), nine precipitation collectors, eight tipping bucket rain gauges, and
22 piezometers.

Particularly, the Vollnkirchener Bach catchment is equipped with an automated weather station
(Campbell Scientific Inc., AQS, UK) at the catchment outlet (site 13) including a CR1000 data logger
collecting data on atmospheric boundary conditions (air temperature at 2 m height, wind speed and
direction, relative humidity, solar radiation). Since tipping bucket rainfall data are known to be imprecise
in terms of rainfall depth and intensity peaks [21], it is recommended to correct the measured data [22]
Therefore, precipitation data collected at the climate station within the catchment are corrected with an
optimized regression model provided by the World Meteorological Organization (WMO) [23].
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Figure 1. The maps show (A) the location of the Vollnkirchener Bach catchment near
Hiittenberg in Germany; (B) the land use and major structural elements in the catchment
(photos); (C) soils; and (D) geology. (Sources: soil map: HLUG [24], elevation map:
HVBG [25]. Soil classes are mapped according to the World Reference Base for Soil
Resources [26]). The photos depict (a) an ephemeral tributary; (b) a small perennial
tributary; (¢) a combined sewer overflow; (d) a channeled tributary; (e) a wetland; (f) an
artificial pond; and (g) fishponds.
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Two stream gauges are installed with trapezium shaped RBC-flumes (maximum peak flow 114 L-s™!,
Eijkelkamp Agrisearch Equipment, Giesbeek, NL) at the upper (site 18) and lower course of the
Vollnkirchener Bach (site 13) (Figure 2). Flumes are hydraulic structures with a well-known
stage-discharge relationship for measuring streamflow, especially in small streambeds [27,28]. Both
RBC-flumes are equipped with Mini-Divers® (Eigenbrodt Inc. and Co. KG, Kénigsmoor, Germany) for
automatically recording water levels and deriving continuous discharge data through the given
stage-discharge relationship of the flumes [27]. A combined sewer overflow (site 38) is located ~40 m
downstream of the upper RBC-flume contributing to streamflow at the Vollnkirchener Bach
(Figures 1C and 2). The combined sewer overflow system captures Vollnkirchen Village’s rainwater
and wastewater, which is subsequently drained into the Vollnkirchener Bach.

Figure 2. Monitoring network and land use in the main instrumentation area (see Figure 1B).
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For hydrograph separation, stream water is sampled at the outlet of the Vollnkirchener Bach near to
the lower RBC-flume utilizing an automatic water sampler (ISCO, Teledyne Technologies Inc., Lincoln,
NE, USA). Stream water samples are taken at different intervals with higher temporal resolution at the
beginning of an event (4 x 15 min, 10 x 30 min, 5 X 60 min, 4 x 240 min). One bulk rainfall sample is
taken for the whole event.
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For monitoring the level of shallow groundwater, 22 piezometers are located between the conjunction
of the Schwingbach with the Vollnkirchener Bach and the upper RBC-flume of the Vollnkirchener Bach
(Figure 2). Table 1 provides general information on the piezometers. Five piezometers are located on an
arable field on the western site of the Vollnkirchener Bach, eight in the meadow near the conjunction of
the creeks, and the remaining nine are distributed along the creek (Figure 2, Table 1). Piezometers are
made from perforated PVC tubes and installed underfloor, except piezometer #24. They are sealed with
bentonite clay at the upper part of the tube to prevent contamination by surface water. Most of the
piezometers are either equipped with combined water level/temperature loggers (Odyssey Data Flow
System, Christchurch, New Zealand) or Mini-Diver® water level loggers (Eigenbrodt Inc. and Co. KG,
Koenigsmoor, Germany) for automatically recording groundwater head level. Accuracy of Mini-Diver®

i1s +£5 mm and for Odyssey data logger 1 mm.

Table 1. General information on piezometers installed along the Vollnkirchener Bach.

. . Land Groundwater Level Height Minimum Distance
Piezometer Location
Use Measurements a.s.l. (m) to Stream (m)
1 234.2 38.3
2 234.2 434
3 234.2 50.4
4 Outlet Vollnkirchener 2344 39.1
5 Bach 2342 324
6 Meadow 2343 25.8
21 2349 6.7
22 . 235.1 6.5
Automatic+manual
23 Eastern stream-site 238.9 0.8
Towards 23, western
24 ) 238.6 5.2
stream-site
25 239.6 448
26 240.2 46.2
Western Arable
27 . ) 240.4 55.8
hillslope site land
28 241.2 66.3
29 240.3 65.0
Eastern stream-site,
30 Manual 240.5 34.8
close to forest
Beside point source,
31 ] 240.9 43
eastern stream-site )
Automatic+manual
Towards 31, western
32 ) 241.0 5.0
stream-site
- Meadow
33 Western stream-site Manual 2439 30.2
34 Western stream-site 245.1 4.0
Beside upper
35 RBC-flume, western Automatic+manual 247.1 6.9
stream-site
36 Eastern stream-site 245.0 1.0
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Measurements performed in the study area (i.e., automatic, manual, and lab measurements) are stored
in a relational database with a web-based management interface [29]. The data management system is
able to read data files from the various instruments directly and, moreover, to perform calibrations by
calculating linear regressions between automatically recorded instrument data and manual
measurements. Additional features such as plotting, exporting, or the use of collaborative tools like
assignment of maintenance tasks and wikis are provided. Limited functionality is publicly available. The
access to more datasets will be supplied along with publications.

2.3. Hydrodynamic Methods and Data Analysis

Various methods listed in Table 2 are used to study groundwater-surface water interactions and
streamflow generation processes in the Vollnkirchener Bach catchment.

2.3.1. Streamflow Dynamics
Flow Duration Curve Analysis

An essential information in catchment hydrology is the understanding of how much water is flowing
down a stream, and further, how representative a certain flow is [30]. Therefore, flow frequency of
discharge (flow duration curve) is analyzed to characterize the occurrence of a certain discharge (Table 2).
For the flow duration curve analysis, runoff data with a 5 min resolution is utilized for calculations.
Discharge is divided into 19 classes, each class including not more than 10% of recorded values. Relative
and cumulative frequencies are calculated for each class. Finally, the flow duration curve is plotted with
the percentage cumulative frequency on the x-axis and the mid-point of the class interval on the y-axis [30].

Table 2. Overview of applied surface water and groundwater measuring methods.

Method

Aim

Location/Sites

Flow duration curve

Characterize the frequency of
occurrence of a certain discharge

13, 18

Lag-to-peak time

Define catchment response
time to rainfall events

13, 18, combined
sewer overflow

Hydrograph separation

Determine contribution of
event/pre-event water to stormflow event

13

Incremental
stream gauging

Detect gaining/losing reaches
along the Vollnkirchener Bach

12 sampling points
along the creek

Groundwater
flow direction

Define groundwater flux dynamics
under different saturation conditions

All piezometers

Slug tests

Estimate saturated hydraulic
conductivity of aquifer material

Piezometers: 1-6, 21-24,
31, 32, 34, 36

Correlation of
groundwater head
level response

Identify groundwater
relationships and patterns

All automatically
measured piezometers

Correlation of
groundwater head
levels vs. discharge

Characterize groundwater
response to discharge

All automatically measured
piezometers vs. 13, 18
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Lag-to-Peak Times and Rainfall-Runoff Behavior

We apply the lag-to-peak time (Itp) to analyze response times of the rainfall-runoff processes
(Table 2). Several definitions are available for the calculation of lag-to-peak time. We follow two of the
most widely used definitions: (1) time interval between the beginning of rainfall and the occurrence of
peak streamflow (ltp1); (2) time lag between the centroid of effective rainfall and the occurrence of
peak streamflow (Itp2) [31]. Lag-times are determined for stream response at both RBC-flumes
(sites 13 and 18, Figure 2) and additionally, for the maximum flow contribution of the combined sewer
overflow (Figure 1C). With the exception of combined sewer overflow-induced runoff events, single
peak events are examined. The following variables are calculated to assess initial conditions and to
characterize each rainfall-runoff event: rainfall duration (h), rainfall sum (mm), rainfall depth (mm-h™"),
antecedent precipitation index (AP) defined as the rainfall amount during the 3, 5, and 14 days prior to
the storm event [32], discharge prior to the event Qo (L-s '), maximum discharge (Qmax) (L-s ™), ratio of
maximum discharge to discharge prior to the event (Qmax/Qo) [—], Itp1 and Itp2 (min). Rainfall and runoff
data with a 5 min resolution is utilized for calculations. Events are analyzed if runoff exceeded 15 L-s™!
for one of the studied gauging stations. Taking event characteristics and lag-times as a basis, differences
in stream response between the up- and downstream gauging stations (18, 13) are considered and
different types of runoff events were compared.

Hydrograph Separation

Determining the contribution of event (rainfall) or pre-event water (groundwater) to a certain
stormflow event, hydrograph separation utilizing stable water isotopes as tracers is conducted
(Table 2). Stable isotopic tracers are used because rain water often has a different isotopic composition
than pre-event water that is already existing in the catchment such as groundwater [11,12,33].
In the present study, a standard two-component mixing model based on mass balances for tracer fluxes
and water is applied [9,34,35]:

Qs =01+ 0Q; (D
QsCs = Q1€ + Q2(; (2)

where Qs is streamflow, Qs and Q: are contributions from event and pre-event water; Cs, C1, and C> are
0-values in streamflow, event and pre-event water, respectively. The relative contribution of event and
pre-event water can be calculated at any given time from Equations (3) and (4), if the total streamflow
Qs and the o-values in streamflow, event and pre-event water are known:

Cs - Cl
Q= C,—C, Qs (3)
Q1 =0s—0Q; “4)

Precipitation and stream water samples are analyzed for their stable water isotopic composition at the
Institute for Landscape Ecology and Resources Management (ILR, JLU Giessen, DE) according to the
IAEA standard procedure [36] using Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS,
DLT-100 Liquid Water Isotope Analyzer, Los Gatos Research Inc., Mountain View, CA, USA). Isotopic
ratios are reported in per mil (%o) relative to an international acknowledged standard, i.e., the Vienna
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Standard Mean Ocean Water (VSMOW) [37]. Accuracy of analyses are 0.6%o for 8°H and 0.2%o
for §'%0 [38].

Incremental Stream Gauging

Incremental flow gauging uses the difference in stream discharge at two points along a reach
in order to identify net water gains or losses along the creek [11,39,40]. Mainly three types of
stream-groundwater interactions are distinguished: streams gain water from groundwater exfiltration
(gaining stream system), they lose water to the groundwater body by infiltration through the streambed
(losing stream system), or both gaining or losing conditions are occurring in parallel [41].

Stream gauging has to be conducted under baseflow conditions allowing the net groundwater
discharge or recharge to be calculated [4,11]. Incremental streamflow is measured on 24 April 2013
at low flow conditions via salt dilution measurements from the outlet of the Vollnkirchener Bach to the
upstream boundary in 200 m steps, resulting in 12 sampling points (Table 2). Salt dilution gauging can
be precise to £5% [42,43]. For details on the salt dilution method, the reader is referred to [42,44,45].
No precipitation had been recorded for eight days prior to the measurements. On this basis, one can
assume that all measured increases in stream discharge along the monitored reach are the result of
groundwater discharge, tributary contributions, or combined sewer overflow inputs [11,39]. Gains or
losses are determined by subtracting the discharge of the successive sampling points from each other.

2.3.2. Groundwater Dynamics
Groundwater Flow Direction Analyses

Studying the interplay of surface and groundwater, the analysis of regional groundwater flow in
relation to topographical characteristics and surface water bodies is essential in order to determine what
type of interaction is occurring in the study region (Table 2). Thereby, water-table maps provide
information on the elevation of the groundwater table and the direction of groundwater flow. Water-table
contour lines indicate whether a stream reach is gaining or losing at a specific time [11,41]. However,
groundwater flow directions can change within short periods caused by stormflow events, transpiration
of water by streamside vegetation or focused recharge near the streambank [41].

In this study groundwater flow direction maps are calculated on the basis of automatically recorded
groundwater level data (15 min resolution) calibrated through manually measured groundwater head via
electric contact gauge. For piezometers 30 and 33 only manually measurements are available.
To interpolate the irregular groundwater data between the piezometers throughout the studied stream
reach to a regular grid, the natural neighbor method is applied [46] using Matplotlib.

Aquifer Hydraulic Conductivity

Hydraulic conductivity provides essential information on water flux rates in the unsaturated and
saturated zone, strongly affecting water infiltration, surface runoff, and the spreading rate of possible
contaminations such as pesticides or fertilizer in the groundwater body [47]. Obtaining a rapid overview
of the hydraulic properties of the shallow aquifer in the study region, rising head slug tests are conducted
for 14 piezometers along the downstream section of the Vollnkirchener Bach (Table 2). Slug tests
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constitute a powerful, simple, and low-cost in situ approach to define spatial variations in the hydraulic
conductivity of an aquifer with inexpensive equipment [11,47-49]. For details on performing slug tests
the reader is referred to [48,49]. Saturated hydraulic conductivities (Ksat) are calculated for each of the
14 investigated piezometers applying the Hvorslev method [50]. The obtained values are furthermore
utilized for interpolating hydraulic conductivities between the piezometers via inverse distance weighting.

Groundwater Head Level Correlations and Piezometric Stream Stage Response

Similar to references [15,51], correlation analysis on a daily basis between the 20 piezometers
measured automatically are performed for the hydrological year 2012-2013, to further characterize the
groundwater head level relations. Additional correlation analyses between the discharge at sites 13 and
18 and the groundwater head levels at each piezometer are calculated to investigate groundwater level
response to streamflow.

3. Results
3.1. Streamflow Dynamics

The observed discharge for the hydrological year 2012-2013 has a significant seasonal periodicity
characterized by higher discharge from December to April and a low flow season during July until
November (mean monthly discharge at lower RBC-flume: 1.6-5.9 L-s™"). Significant snowmelt peaks
were observed during December 2012 and February 2013. May 2013 was an exceptional wet month with
discharge >114 L-s™! at the lower discharge gauge and a monthly maximum of 110 L-s™! at the upper
gauge. The absolute maximum discharge for the water year 2012-2013 at both sites was measured at
26 May 2013 (Figure 3). The observed discharge responded to nearly all precipitation events
immediately, which was true for both sites (Figure 3). However, moderate precipitation sums during
July to October 2013 were in no relation with large discharges. Moreover, a daily precipitation sum of
33.6 mm-d ! recorded on 5 October 2013 did only cause a small runoff peak of 20-21 L-s™! at both sites,
while a similar rainfall event (27.7 mm-d™') on 26 May 2013 resulted in discharge >110 L-s™".
Furthermore, runoff recorded at the downstream RBC-flume (13) exceeded the measured values at the
upstream RBC-flume (18) mostly during stormflow events, whereby during baseflow or low flow,
discharge at the upper flume showed higher values than at the lower flume (Figure 3, small inset with
logarithmic scale).

3.1.1. Flow Duration Curve Analyses

We analyzed flow duration curves for the hydrological year 2012—2013 to get an overview on flow
characteristics (occurrence of a certain discharge) of both discharge gauging stations at the
Vollnkirchener Bach. Even though field event-based observations were partly different for both stations,
flow duration behavior was almost similar (Figure 4). With a frequency of 10% discharge exceeds
35 L-s"'and 50% of the discharge was >7 L-s™'at both sites. However, flows in discharge classes <10 L-s™!
were less relevant in relation to the water volume flowing downstream, exemplary shown for gauging

1

station 13 (Figure 4, insert). In contrast, streamflow >35 L-s™" was infrequent, but of high relevance by

volume. Differences between the two flow duration curves of gauging stations 13 and 18 were as follows:
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during baseflow conditions (<10 L-s™!) discharge at the upper RBC-flume 18 exceeded the one at the
lower flume by 4%-10%. Whereas for discharge >50 L-s™!, streamflow at the lower gauging station 13
surpassed the one at the upper site 18 by 0.3%—0.8%.

3.1.2. Lag- to-Peak Times and Rainfall-Runoff Behavior

We identified four different hydrologic response types when calculating stream reaction times to
rainfall input signals utilizing the lag-to-peak time concept (Figure 5, Table 3): Response type (I) higher
discharge at the upper RBC-flume than at the lower RBC-flume; (II) lower discharge at the upper
RBC-flume as compared to the lower RBC-flume; (III) equal discharge at both sites; and (IV) combined
sewer overflow-induced discharge at the lower RBC-flume. Table 3 summarizes the conditions that
caused the occurrence of the four different response types that were analyzed for the water year 2012-2013.
For the most frequent rainfall-runoff behavior discharge at the lower RBC-flume exceeded the one
measured at the upstream gauge, for three times it was vice versa (Figure 5A,B). Since differences in
Qmax between both measuring points were small (0.6-5.5 L-s™!), event types similar to Figures 5A and 6C
could not easily be distinguished.

Figure 3. Time series of daily precipitation (mm-d ') and discharge (L-s ') at the lower and
upper RBC-flume (13, 18) for the water year 2012-2013. Small inset includes discharge
plotted on a logarithmic scale.
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Figure 4. Flow duration curves for lower and upper RBC-flumes (13, 18) at the
Vollnkirchener Bach (hydrological year 2012-2013). Insert exemplary shows classified
cumulative discharge (L-s™!) for lower RBC-flume.
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When peak flow at the upstream site was higher than at the downstream site (Figure SA, response type 1),
Itp2’s of 3 h 57 min—7 h 12 min were calculated for the upper RBC-flume and 3 h 27 min—7 h 37 min for
the lower flume, respectively (Table 3). AP14d values were <50 mm and rainfall amounts ranged
between 5 and 11 mm. For one out of the three detected events, hydrographs raised simultaneously at
both sites (Itp2 =4 h 52 min). For another, Qmax was measured 37 min earlier downstream. For the third
one, a difference in response times between both sites of 25 min was calculated.

For six out of 25 events, discharge at the lower RBC-flume was dominated by the activation of a
combined sewer overflow (site 38) located ~40 m downstream of the upper flume (Figures 1B(c) and 2)
leading to response type IV. Generally, shortest lag-times and with that quickflow were detected for
these combined sewer overflow-dominated events. Rainfall intensities between 0.8 and 3.7 mm-h! and
high Qmax/Qo ratios characterized this type of events (Table 3). Due to the rapid and intense discharge
reaction, the concept of Itp> was not consistently applicable for events generated by combined
sewer overflow. Therefore, Itp1 was additionally calculated. Figure 5D depicts a combined sewer
overflow-affected runoff-event at 11 September, 2013 with Itp: of only 50 min (Itp2: 27 min) and a
maximum contribution of the combined sewer system of >114 L-s™!. However, combined sewer overflow
events were only apparent if Qo was <5 L-s™!. With increasing Qo values and concurrently decreasing Qmax/Qo
ratios, combined sewer overflow-induced streamflow was superposed by higher flood waves flowing down
the creek.

The most common streamflow reaction (type II) is shown in Figure 5B. At this event on
27 December 2012, a strong gain in downstream direction towards the catchment outlet occurred
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(+23.5 L-s!). This type of event was observed when wet conditions (high AP values) predominate, i.e.,

in the winter season and during the rainy May 2013. Generally, a wide range of rainfall durations and
rainfall amounts caused this type of event, which resulted in Itp2’s between 2:17 and 12:37 h for site 13
and 1:32—-12:47 h for site 18, respectively (Table 3).

An almost equal and simultaneous hydrograph reaction at both discharge gauges characterizes
response type I11, exemplary shown for 11 April 2013 (Figure 5C). This peak flow reaction was generally

initiated by long rainfall events with low rainfall intensities of 1.1-1.5 mm-h™!, resulting in likewise

stretched lag-times (Itp2 = 3 h 32 min—10 h 52 min at the lower RBC-flume, and 3 h 02 min—9 h 27 min

at the upper RBC-flume).

Figure 5. Time series of precipitation (L-s') and discharge (L-s™') depicted for
four characteristic rainfall-runoff events including lag-to-peak times (inserted tables):
(A) discharge at upper RBC-flume (18) > discharge at lower RBC-flume (13); (B) discharge
at lower RBC-flume > discharge at upper RBC-flume; (C) almost equal discharge at both
discharge gauging stations; and (D) combined sewer overflow-induced event.
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Table 3. Summary statistics for Itp-analyses of rainfall-induced runoff events.

3098

Rainfall AP (mm) Discharge (L's™") Itp1 (h) 1tp2 (h)
QO Qmax Qmax/QO
Duration Total Mean 3d 5d 14d 13 18 13 18 combined 13 18 13 18 combined 13 18 combined
(h) (mm) (mm-h™) sewer sewer sewer
overflow overflow overflow
Event-type I (N=3)
N
n 5:15 49 0.7 0.0 9.5 19.3 33 5.2 18.4 20.5 42 34 7:25 7:25 3:27  3:57
M
a 13:40 11.3 1.7 3.9 140  49.0 44 6.2 38.6 42.0 11.6 8.0 14:05 14:3 7:37 712
5
Event-type II (N =12)
Ve
n 1:30 1.5 0.8 1.5 2.0 11.5 12.7 11.9 62.2 59.0 1.2 1.1 2:40 2:20 7:20 2:17 1:32 5:42
Ma
* 25:30 28.2 2.2 27.7 429 956 839 734 140.5 110.1 10.0 7.2 25:30 254 12:37 124
0 7
Event-type III (N=4)
Ve
n 7:45 9.3 1.1 0.0 0.0 0.6 0.6 0.8 18.1 18.7 2.3 2.1 8:30 8:40 3:32 3:.02
M
a 26:15 35.6 1.5 31.0 312 494 11.5 12.4 45.7 46.5 743 554  18:20 18:2 10:52 9:27
0
Event-type IV (N = 6)
VE
n 1:05 2.3 0.8 0.0 0.0 6.8 0.1 0.8 5.1 7.2 345 4.8 3.6 1:00 0:40 0:30 0:42  0:12 0:27
M
ax 9:20 29.1 3.7 169 223 23.2 4.5 5.9 21.8 21.6 >114.0 53.8 159 3:30 3:00 2:50 1:30  0:55 0:35
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Comparing factors that influence the hydrological responses and their magnitudes in the catchment,
only weak correlations between AP values and Qo were found (R? = 0.4, 0.5, 0.4 for the lower
RBC-flume; R? = 0.4, 0.4, 0.4 for the upper RBC-flume with AP3d, 5d, 14d) as well as minor linear
relationships between total rainfall amount and lag-times (for the lower RBC-flume: R? = 0.5 (ltp1),
0.3 (Itp2); for the upper RBC-flume R? = 0.4 (ltp1), 0.4 (Itp2)). Obviously, rainfall durations correlated
well with catchment response times (R? = 0.9 (ltp1), 0.6 (ltpz2) for the downstream site; R* = 0.9 (Itp1),
0.6 (Itp2) for the upstream site), showing longer lag-times with increasing rainfall durations. However,
we found no relationship between total rainfall amount and Qmax for both sites, as well as no correlation
between AP and Qmax or AP and lag-times. Nevertheless, during rainfall-runoff events gaining conditions
towards the catchment outlet with fast precipitation-induced streamflow reactions (short lag-times) were
observed more frequently. Flood waves generally traveled downstream with 0.1-1.0 m-s~!. Especially
when the combined sewer overflow became active, Qmax occurred earlier downstream than upstream.

3.1.3. Hydrograph Separation

To determine the absolute maximum of event water contribution to streamflow, the highest peak flow
event recorded in the water year 2012-2013 was chosen for two-component hydrograph calculation.
Stable water isotope tracers were utilized for hydrograph separation. Concentrations of event water 5°H
were determined from Equations (3) and (4) and pre-event §°H water was taken as baseflow prior to the
event. Between 26 and 27 May 2013, 28 mm (Figure 6A) of isotopically distinct rain precipitated on the
Vollnkirchener catchment causing the absolute maximum discharge for the water year 2012-2013
(Figure 6A), resulting in response type II. The antecedent wetness AP5d was 28.8 mm.

As can be seen from Figure 6A,B, the larger the contribution of the isotopically light bulk rainfall
(dashed blue line: —76.7%o, note the stable isotopic concentration in precipitation throughout the event),
the lighter became the isotopic signature in stream water (dotted dark blue line). This reaction pattern
can be observed until stream water isotopic signatures levelled out with a stable difference of +6.7%o
compared to precipitation. Simultaneously, the calculated event water contribution is around 70 L-s ! at
the lower RBC-flume (Figure 6A). Towards the end of the event, stream water isotopic signatures
increased again towards groundwater 8°H values (dashed green line: —58.9%o). Groundwater responded
as quickly as streamflow with increasing head levels, nearly reaching the land surface (Figure 6C).

3.1.4. Incremental Stream Gauging

Flow gauging at 12 locations from the outlet of the Vollnkirchener Bach upstream to the headwater
identified which reaches were gaining or losing water during low flow conditions (Figure 7A). Assuming
an error of £5% for salt dilution measurements, insignificant differences for losing and gaining stream
reaches where —0.3-1.2 L-s' and —0.2-0.8 L-s™!, respectively. In general, the flow increased from the
catchment headwater downstream as tributaries joined the main watercourse (Figures 1B and 7B). From
0-0.9 km stream length, growing subcatchment size generated increasing streamflow (Figure 7B) due to
the contribution of a wetland, an artifical pond, and fishponds (Figure 1B(e—g)). At a stream length of
1.4 km flow decreased by —0.2 L-s’!, although subcatchment area slightly enlarged (+0.1 km?)
(Figure 7B) causing losing conditions (Figure 7A). Downstream, a minor channeled tributary joins the
main creek leading to net water gains of +2.6 L-s™!. However, along the last stream reach insignificantly
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losing or indifferent conditions were dominating streamflow (Figure 7A). The only gaining reach could
be explained by a small perennial tributary from the eastern forest site (Figure 1B), which is significantly
feeding the stream. Due to the mainly losing or indifferent character of the creek in the downstream
section, other observed contributors such as a drainage system or wet spots on the western stream-site
seemed to be negligible (<5%) during baseflow. Therefore, discharge at the downstream section (stream
length: 3.2-4.7 km) remained almost constant (11.4-13.0 L-s™!), even though the catchment area
increases (Figure 7B). Flow finally peaked (13.0 L-s™!) at the outlet of the Vollnkirchener Bach.

Figure 6. Hydrograph separation for stormflow event 2627 May, 2013 with (A) hourly
precipitation (mm-h!), discharge at upper RBC-flume (Figure 2, site 18) and calculated
event water contribution at lower RBC-flume (site 13) (L-s™!); (B) pre-event &°H in
groundwater in the meadow (piezometers 3, 6, 21), 8*°H in stream and bulk rainfall, and
(C) groundwater levels below ground (m) for selected piezometers in the meadow (1-6, 21)
and in the upstream section (31, 32).
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Figure 7. (A) Geological map including classification of the stream sections in
gaining/losing reaches (L-s™!); and (B) relationship between stream length (km), discharge
Q (L-s™") £5% error, and subcatchment area (km?). The stream length is depicted from the
headwater to the outlet from left to right. Note that tributaries are not included in Figure 7B.
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3.2. Groundwater Dynamics
3.2.1. Groundwater Flow Directions

Generally, influent and effluent conditions were observed simultaneously at different stream sections
of the Vollnkirchener Bach. During baseflow conditions as well as rainfall-runoff events the stream is
constantly losing water to the groundwater (influent) west- and eastbound of the meadow at the
catchment outlet (Figure 8A). Under arable land, groundwater flow directions of piezometers 25-29
followed topographic conditions and although showed no changes due to stream-stage fluctuations.
In the upstream section effluent conditions were measured (piezometer 32—-35). Due to topographic
heights differences, groundwater head levels were higher (246 m a.s.l.) at the upper reach and lower
levels were observed at the lower reach of the creek (234 m a.s.l.) (Figure 8). Since for piezometers 30
and 31 only manual measurements were available for a limited period, changes in groundwater flow
directions could only exemplary be shown for a wetting up phase from 22 November 2011 to 25 January
2012. Figure 9 depicts the rainfall-runoff conditions as well as piezometric response—exemplary shown
for piezometers 26—29—throughout that period.

Figure 8. Groundwater head elevations (m a.s.l.) and flow directions along the
Vollnkirchener Bach during a wetting up phase (22 November 2011-25 January 2012).
(A) shows the initial groundwater flow directions (22 November 2011) and (B) groundwater
flow directions at the end of the wetting up period (25 January 2012).Red dots indicate
piezometers, orange dots stream depth observation points, and the dashed line a street.
Arrows and contour lines show groundwater flow directions along the creek.
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Figure 9. (A) Hourly precipitation (mm-h™"); (B) hourly discharge (L-s™") at the lower and
upper RBC-flume (13, 18); and (C) 15 min mean groundwater head elevations (m a.s.l.) for
piezometers 2629 (£SD, grey shaded) during the wetting up period (I November
2011-1 February 2012). Note Mini-Divers® malfunctions: from 14 December 2011, at site

18, from 20 January 2012, at site 13.
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During November 2011 dry conditions were predominant with an antecedent wetness AP30d of
8.5 mm prior to the next rainfall event on 3 December, 2011. Streamflow measured at site 18 varied

from 1.2 to 7.6 L-s™! (Figure 9B). From that point on, moderate rainfall events resulted in only small
rises of the hydrograph, nonetheless gradually filling up catchment’s water storages associated with
rising groundwater head elevations (Figure 9C) from 237.5 + 0.1 m to finally 238.6 + 0.1 m at the end
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of the wetting up phase. Precipitation events from 4 to 6 January 2012, with a huge rainfall sum of 166
mm subsequently caused a significant increase in discharge to >114 L-s™!, which moreover caused a rise
in groundwater head elevations (+0.2 m) (Figure 9). Finally, a fundamental groundwater flow reversal
was observed on 10 January, 2012. From that point on, an ephemeral tributary rose in the clay
shale-graywacke dominated forested site eastbound of the creek and drained into the Vollnkirchener
Bach near to piezometer 30 (Figure 8B, Figure 10). This is indicated by arrows pointing to the creek
(Figure 8B) and groundwater flow directions parallel to the stream following the topographic gradient
in northbound direction.

Moreover, previously losing conditions were inversed in the western downstream section (from site
23 on). However, influent conditions eastbound of the meadow at the catchment outlet (piezometers
1-6, 21, 22) were still apparent, but westbound this downstream reach groundwater inflow was observed
(Figure 8B). Nevertheless, no changes in groundwater flow directions under arable land (piezometers
25-29) were detected. Gaining conditions measured in the upper stream reach (piezometer 32-35) even
expanded during the wetting up phase. These diverse groundwater flow dynamics lasted until 25 January
2012 (Figure 8B).

Figure 10. Photos showing the ephemeral tributary (A) originating from the forest and

(B) draining into the stream near to piezometer 30.

3.2.2. Aquifer Hydraulic Conductivity

Groundwater hydraulic conductivities measured via rising head slug tests along the Vollnkirchener
Bach ranged from 7 to 150 mm-h! (Figure 11). The lowest Ksat values were observed for piezometers
32 and 36 (7-14 mm-h™"), second smallest values for 32 and 34 (14-20 mm-h™!). Gradually increasing
Ksat values were measured northbound (downstream). Near the conjunction of the Schwingbach with the
Vollnkirchener Bach, the highest hydraulic conductivities were determined for piezometers
1 (150 mm-h™') and 22 (100 mm-h™") showing generally 8-21 magnitudes higher conductivities in
comparison to piezometers 31-36. Despite of highly variable values for piezometers at the catchment
outlet (1-6, 21, 22), marked spatial differences between the up- and downstream section were obvious.
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Figure 11. Land use map with measured (red dots) and interpolated (bluish areas) Ksat values
(mm-h") for piezometers along the downstream section of the Vollnkirchener Bach.
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3.2.3. Groundwater Head Level Correlations and Piezometric Stream Stage Response

Correlation analyses were performed among the mean daily groundwater head elevations of
automatically monitored piezometers, and furthermore, between the mean daily discharge and the
groundwater table response (Table 4). High to medium groundwater head level correlations were
determined within piezometers in the meadow near the conjunction of the streams (1-6, 21, 22), as well
as with piezometers 23 and 24, which are located 140 m upstream. Piezometers under arable land
(25-29) were highly correlated among themselves (R? = 0.82-1.0). As a result of logger malfunctions,
the shortest time series was recorded for piezometer 29, therefore, showing low to no correlations with
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groundwater head elevations of other piezometers. Groundwater table elevations recorded at sites 34 and
36 were well-correlating with piezometers 1-5 and 22-24 exhibiting similar groundwater reactions. Due
to the high correlation coefficient between the mean daily discharge at the lower and upper RBC-flume
(R? = 0.96), correlations between discharge and groundwater head elevations were almost identical for
both gauging stations. Good to medium correlations could be identified for mean daily discharge at both
gauging stations with piezometers 1-24 at the lower stream reach, medium to low correlations for
piezometers under the arable field (25-29), as well as for piezometer 31; whereas groundwater head
elevations at sites 32—36 showed medium to high correlations with mean daily discharge.

This corresponded with the observation that groundwater head elevations closely followed stream
runoff-dynamics and responded to stormflow events with rising head levels (Figure 12). Groundwater
showed the highest head levels from the end of December to the mid of June (Figure 12), this was
well-marked for piezometers located directly beside the stream (23, 24) as well as for piezometers under
arable land (25-29). Due to higher standard deviations (SD) this is not immediately obvious for
piezometers near the Vollnkirchener Bach outlet (1-6, 21, 22). Groundwater head elevations under
arable land showed the smallest standard deviation (up to £0.1 m), while groundwater head levels under
meadow differed widely from the mean (up to £0.6 m), although well-correlating among themselves.
Generally, mean annual groundwater tables fluctuated within £1 m for all sites during the water year
2012-2013. Significant groundwater response could be observed for a snowmelt event during February
2013. Moreover, wet conditions during May 2013 were also apparent in the groundwater body. However,
moderate rainfall events (5-6 mm-d ') recorded at the end of July 2013 caused no rise in stream stage,
but groundwater levels increased (meadow near the outlet: +0.4 m, piezometer 23—24: +0.8 m, arable
land: +0.1 m). The groundwater body under arable field with its piezometers 25-29 is most likely
hydrologically disconnected to the stream due to a street blocking the bidirectional exchange of water.
A continuous decline in the water table under arable land was observed from June—October 2013,
representing a decrease in wetness. Due to a greater exchange of streamwater and meadows, this effect
was not apparent in piezometers 1-6 and 21-24.

Because of smaller distances to the stream, water level loggers of piezometers in the meadow were
exposed to floods and got frequently defective, leading to higher standard deviations. Unfortunately,
logger breakdown due to piezometer overfill occurred in the meadow during the storm event starting on
28 January, 2013, which is therefore not clearly measured in the meadow. Piezometers under the
hillslope arable site were never flooded because of a deep groundwater body (Table 1).
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Table 4. Results of correlation analyses (R?) among mean daily groundwater head elevations (m a.s.l.) of automatically monitored piezometers
and mean daily discharge (L-s!). Correlations are classified into high (0.80-1.0, dark grey shaded), medium (0.60-0.79, lighter grey shaded),
low correlations (0.40-0.59, light grey shaded), and no correlations (<0.39, no shading).

Location Site. 13 18 1 2 3 4 5 6 20 22 23 24 25 26 27 28 29 31 32 34 35 36
Lower RBC-flume 13 X
Upper RBC-flume 18 096 x
1 079 075 x
2 075 070 095 x
3 085 082 088 088 x
4 083 078 078 080 089 x
Meadow (outlet)
5 089 085 094 092 093 089 x
6 076 081 085 082 084 070 096 x
21 081 085 081 078 084 072 094 089 x
22 073 068 089 089 087 049 090 094 090 x
Eastern stream-site 23 090 088 085 082 08 087 092 077 080 080 x
Western stream-site 24 092 088 087 083 0.86 085 091 077 079 084 096 x
25 051 046 043 043 054 081 054 036 025 001 052 057 x
26 058 046 049 048 063 084 051 034 039 000 060 062 100 x
Arable land,
, 27 070 051 050 050 074 078 0.5 043 055 000 068 068 091 099 x
western stream-site
28 059 048 051 050 0.64 085 052 036 039 000 061 063 100 100 1.00 x
29 029 050 020 044 032 060 000 004 040 0.10 052 061 082 098 086 098 x
Eastern stream-site 31 022 020 030 028 026 017 035 023 047 067 018 018 002 005 001 007 022 x
Towards 31, western
, 32 069 067 057 047 056 047 078 054 066 0.63 059 063 0.15 022 048 024 020 040 x
stream-site
Western stream-site 34 092 087 088 082 085 090 094 074 078 081 093 095 061 059 058 061 035 020 067 x
Beside 18, western
, 35 066 051 069 069 068 093 087 055 064 033 061 067 094 081 082 080 000 097 060 0.66 x
stream-site
Towards 34, eastern
36 086 082 091 087 092 081 093 073 063 092 086 089 059 058 0.19 061 000 0.09 046 091 094 x
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Figure 12. Time series of daily precipitation (mm-d "), discharge at the lower and upper
RBC-flume (13, 18) (L-s™!), and 15 min-mean groundwater head elevations (m a.s.l.) £SD
(grey shaded) for the water year 2012—2013 (if only data for one piezometer were available,

no SD is depicted). Note the different scale of the uppermost groundwater graph.
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4. Discussion

The results of the flow duration curve analyses showed similar discharge occurrence frequencies for
the up- and downstream gauging stations (18, 13). Condensing a wealth of hydrologic information into
a single graph [52], an overview of the general flow characteristics of the Vollnkirchener Bach was
gained. However, flow duration curve analyses could not cover the event-based differences in discharge
between both gauging stations. Therefore, lag-to-peak time analyses were performed to further analyze
streamflow responses to rainfall input (Figure 5, Table 3). Taking up the first objective, streamflow
responded highly variable throughout the water year. Four different types of hydrograph reactions were
identified showing diverse lag-times for both gauging stations (Figure 5). Generally, lag-times were
slightly affected by rainfall amounts. This is in line with other studies that demonstrate the negligible
effect of rainfall intensities on lag-times in vegetated catchments [15,53], or which observed no
correlations between total runoff or runoff coefficients and maximum or average rainfall intensities [54].
Moreover, antecedent wetness conditions (AP values) showed no influence on the timing of the
hydrologic responses but had a weak control on the initial discharge Qo. Qmax was neither influenced by
initial moisture conditions, nor by rainfall amounts. However, quick timing events mainly occurred in
dryer periods (Qo <5 L-s'), potentially related to soil hydrophobicity [55,56] and silting. The
hydrophobic effect favors surface runoff over unsaturated near-stream zones by limiting infiltration [56]
and subsequently causing quickflow.

An inter-seasonal trend affecting rainfall-runoff event types could be observed with combined sewer
overflow-induced events occurring during dry periods and gaining conditions towards the lower
RBC-flume during wet periods. Nevertheless, we were not able to generalize that specific conditions
(rainfall amount, Qo, AP) cause a specific runoff-event type with defined lag-times. Event-scale
rainfall-runoff relationships and analyses of variables that potentially influence the observed lag-times
provide a number of general findings concerning the hydrological response of the Vollnkirchener Bach
catchment. Combining results of flow duration curve and lag-to-peak time analyses revealed that gaining
conditions towards the downstream section mainly occurred on an event-basis and losing conditions
during baseflow.

Using differences in isotopic ratios to establish the sources of water that generate streamflow revealed
a high rainfall influence on runoff measured at the basin outlet for one specific storm event. With
growing rainfall amount, increasing event water contributions were measured, which was in line
with other studies measuring enhanced event water quantities with increasing intensity of the
storms [6,57-59]. A direct correspondence of precipitation intensity and event water contribution
suggests a direct and rapid water delivery mechanism. Groundwater levels reacted as quickly as stream
water to precipitation input, indicating that the Vollnkirchener Bach is a highly responsive basin and
moreover, implying that saturation-excess surface flow dominate this runoff response. This is underlined
by the fact that the lower RBC-flume was overflowed during this storm event and AP5d was high.
Short-term responses to rainfall-runoff events are evident in the groundwater table records of many
shallow piezometers throughout the catchment not only for this specific storm event. A rise in the water
table coincided with periods of precipitation but varied among piezometers in magnitude and duration.
Comparable to reference [54], groundwater levels can be understood as a rough estimate for catchment’s
wetness conditions converting a large percentage of rainfall to runoff when the initial groundwater table
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is shallow. Nevertheless, to confirm if the flow mechanism and with that event water contribution differs
throughout the year, a comparison with similar events is essential. Typically water stored within the
catchment dominates the stream hydrograph, except during certain periods when large volumes of
water are released and quickly reach the stream [60], which was observed for the examined event.
Moreover, the assumptions implicit in the hydrograph separation technique are still problematic [61] and
the method does not account for spatial variability, which however, becomes more significant in larger
catchments [61]. Additionally, incremental rain gauging better captures event characteristics, since
rainfall isotopic values are known to vary throughout a storm event [12,62,63]. Furthermore,
references [35,61] highlighted the danger of assuming that “old” or pre-event water is synonymous with
groundwater, since vadose water—not accounted for in a two-component model-—may be isotopically
heavier than groundwater or baseflow as a result of summer/autumn precipitation input being enriched
in 8°H or §'%0 and also varying with depth. Accounting for a distinct soil or groundwater isotopic
signature, a three-component mixing model is suggested to be applied in the future because groundwater
seems to play a major role in the catchment.

Quantifying gaining and losing reaches along the Vollnkirchener Bach targeting objective 2, showed
that both types of stream-groundwater interactions occurred in parallel during low flow. Gaining reaches
dominated in the headwaters, located in limestone, sandstone, and quartzite regions, which are known
to serve as aquifers with the capacity to store large volumes of water [17,18]. Near to the wetland in the
upper stream reach the geological map depicts an area of loam over sand and debris (Figure 7A), which
is typically found under the Vollnkirchener Bach streambed indicating that in former times there must
have been a tributary to the creek as well. The same could be true for the loamy deposits over sand and
debris located upstream of the channeled tributary in the middle stream reach, also identified as gaining
stream section (Figure 1D and 7A). At the lower stream stretch insignificantly gaining, losing or
indifferent reaches occurred due to small differences in measured streamflow (Figure 7B). This could
be likewise a result from measuring inaccuracies (5% error of the salt dilution method). Nevertheless,
a change in geology (i.e., clay shale dominated sites in the north of the Vollnkirchener Bach catchment
serve as aquicludes [18]) leads to a change in flow paths (Figure 7A). This was in accordance with other
studies [64,65] highlighting the geological impact on groundwater-surface water interactions.

Results of the incremental flow gauging underlined somewhat results of the discharge differences
measured between the upper and lower RBC-flume (Figure 3, small inset). Whereby, automatically
recorded values via Mini-Diver® are known to be more precise (+5 mm) than salt dilution gauging,
showing a loss of water between the up- and downstream section (catchment outlet) during baseflow.
Furthermore, hydraulic conductivities (Ksat) measured for piezometers located between the discharge
gauging stations showed highest values for piezometers under the meadow at the catchment outlet,
indicating the capability of stream losing large volumes of water to the groundwater. Vice versa, lowest
Ksat values were measured for piezometers 32—-36 located in the gaining reach (Figure 7B) near to the
upper flume. Although Ksa values showed high spatial variability, zones of altered hydraulic
conductivity surrounding the wellbore caused by drilling disturbance and smearing with clayey or silty
sediments leading to the so-called skin effect [66—68] were not existing. Piezometers in this study have
been installed and monitored since 2009, so that the skin effect decreasing over time might have less
influence on the measured hydraulic conductivities. Nevertheless, reference [69] found that the spatial
variability of hydraulic conductivity was greater than the variability of hydraulic conductivity between
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different measuring methods and reference [70] measured Ksat values that also varied by more than five
orders of magnitude. Generally, measurements of hydraulic conductivity can be characterized by high
uncertainties [11], and are being influenced by multiple factors [66,68,71].

Nevertheless, following the line of arguments, groundwater flow directions pointed out the same as
Ksat values and the results of the incremental stream gauging already showed: effluent conditions in the
stream section between piezometers 32—-35 and influent conditions at the catchment’s outlet (piezometers
1-6, 21-22). The simultaneous occurrence of influent and effluent conditions in different sections of the
Vollnkirchener Bach combined with high spatial variability was in line with references [4,72] who
likewise observed temporal and spatial variability in the groundwater—surface water exchange fluxes.

A significant change in groundwater flow directions was attributed to an ephemeral tributary
(Figures 9 and 10) originating from the eastbound forest site and draining into the stream during a wetting
up phase. Due to a limitation in data for site 30, this phenomenon could only be depicted once. However,
it is most likely to occur frequently during wet periods if catchment’s saturation conditions are high. It
could also be attributed to filling and spilling of depressions at the soil-bedrock interface [73,74] since
wet conditions predominate. If groundwater tables reached a certain threshold after a long wet period,
filling up catchment storages, spilling lead to the rise of the ephemeral tributary from the eastern
forest site.

Analyzing groundwater head level reactions identified groups of similar hydrological response:
Piezometers located under the meadow at the catchment outlet correlated well with piezometers
midstream and piezometers under the arable field showed same head level variations among themselves.
Linking groundwater dynamics to rainfall-runoff events showed that riparian groundwater head levels
closely and rapidly followed stream-stage fluctuations showing medium to high correlation coefficients
to catchment discharge (Figure 12, Table 4). This underlines the fact that the Vollnkirchener Bach is a
highly responsive catchment with an intense interaction between the shallow groundwater and the creek.
Comparable groundwater responses for an even smaller catchment (0.04 km?) were described in
reference [75] stating that the shallow depth to the water table may allow the storm signal to move rapidly
through the bedrock. However, groundwater tables under arable field were neither influenced by
bidirectional water exchange with the stream (distances to stream of 44-66 m) nor by water quickly
infiltrating into the soil subsequently causing a rapid rise in the shallow groundwater table as it could
have been the case for piezometers with a minor depth below ground. Therefore, these piezometers can
be understood as overall estimate for catchment’s saturation status. In general, the connectivity of the
stream with the groundwater system is highly temporal and spatial variable [15,72] and mainly
influenced by the permeability of the stream bed and the aquifer, by the channel position in regard to the
groundwater as well as by the geometry and size of the contact area [41,72,76,77].

5. Conclusions: Conceptualizing Groundwater-Surface Water Interactions from the Reach-Scale
to the Catchment-Scale

Based on the individual results of this research a conceptual model was developed proposing the
principal flow system and interaction of surface water and groundwater along the Vollnkirchener Bach
reach orientated south to north (Figure 13). Main water reservoirs are located upstream (artifical and
fishponds, and a wetland), which generate the highest contribution to streamflow in the headwater area
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with effluent conditions. Before the Vollnkirchener Bach enters the village of Vollnkirchen, influent
flow occurs. A channeled tributary joins the main water course causing net water gains in the village.
Downstream Vollnkirchen diverse flow pathways are observed. However, the contribution of point
sources such as an artificial drainage system and a wetland are negligible during baseflow (losing reach).
During highflow, the combined sewer overflow becomes active and produces a pre-peak-discharge.
Subsequently, the discharge at the lower RBC-flume exceeds the discharge at the upper flume.
Moreover, during saturated conditions, mainly at winter times, the soil-bedrock system fills and finally
forces water out of the ground to the surface, which subsequently drains into the creek as an ephemeral
tributary. At the catchment outlet permanent influent conditions at baseflow are observed, leading to
water losses to the groundwater causing an indifferent stream reach.

In general, the results of our multi-method approach helped to unravel flow pathways in the
Vollnkirchener Bach catchment in a short research time. We showed that small catchment behavior in
an anthropogenic influenced landscape is especially diverse underlining the fact that detailed distributed
information is extremely essential for understanding catchment functioning. This knowledge can now
be utilized to develop catchment specific process-based hydrological models.

Figure 13. Schematic of flow pathways along the Vollnkirchener creek based on
hydrodynamic results. Groundwater flow directions are symbolized by arrows.
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